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Plant species richness and functional composition drive
overyielding in a six-year grassland experiment
Abstract
Plant diversity has been shown to increase community biomass in experimental communities, but the
mechanisms resulting in such positive biodiversity effects have remained largely unknown. We used a
large-scale six-year biodiversity experiment near Jena, Germany, to examine how aboveground
community biomass in grasslands is affected by different components of plant diversity and thereby
infer the mechanisms that may underlie positive biodiversity effects. As components of diversity we
defined the number of species (1-16), number of functional groups (1-4), presence of functional groups
(legumes, tall herbs, small herbs, and grasses) and proportional abundance of functional groups. Using
linear models, replacement series on the level of functional groups, and additive partitioning on the level
of species, we explored whether the observed biodiversity effects originated from disproportionate
effects of single functional groups or species or from positive interactions between them. Aboveground
community biomass was positively related to the number of species measured across functional groups
as well as to the number of functional groups measured across different levels of species richness.
Furthermore, increasing the number of species within functional groups increased aboveground
community biomass, indicating that species within functional groups were not redundant with respect to
biomass production. A positive relationship between the number of functional groups and aboveground
community biomass within a particular level of species richness suggested that complementarity was
larger between species belonging to different rather than to the same functional groups. The presence of
legumes or tall herbs had a strong positive impact on aboveground community biomass whereas the
presence of small herbs or grasses had on average no significant effect. Two- and three-way interactions
between functional group presences were weak, suggesting that their main effects were largely additive.
Replacement series analyses on the level of functional groups revealed strong transgressive overyielding
and relative yields .1, indicating facilitation. On the species level, we found strong complementarity
effects that increased over time while selection effects due to disproportionate contributions of particular
species decreased over time. We conclude that transgressive overyielding between functional groups
and species richness effects within functional groups caused the positive biodiversity effects on
aboveground community biomass in our experiment.
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Abstract. Plant diversity has been shown to increase community biomass in experimental
communities, but the mechanisms resulting in such positive biodiversity effects have remained
largely unknown. We used a large-scale six-year biodiversity experiment near Jena, Germany,
to examine how aboveground community biomass in grasslands is affected by different
components of plant diversity and thereby infer the mechanisms that may underlie positive
biodiversity effects. As components of diversity we deﬁned the number of species (1–16),
number of functional groups (1–4), presence of functional groups (legumes, tall herbs, small
herbs, and grasses) and proportional abundance of functional groups. Using linear models,
replacement series on the level of functional groups, and additive partitioning on the level of
species, we explored whether the observed biodiversity effects originated from disproportion-
ate effects of single functional groups or species or from positive interactions between them.
Aboveground community biomass was positively related to the number of species
measured across functional groups as well as to the number of functional groups measured
across different levels of species richness. Furthermore, increasing the number of species
within functional groups increased aboveground community biomass, indicating that species
within functional groups were not redundant with respect to biomass production. A positive
relationship between the number of functional groups and aboveground community biomass
within a particular level of species richness suggested that complementarity was larger between
species belonging to different rather than to the same functional groups. The presence of
legumes or tall herbs had a strong positive impact on aboveground community biomass
whereas the presence of small herbs or grasses had on average no signiﬁcant effect. Two- and
three-way interactions between functional group presences were weak, suggesting that their
main effects were largely additive. Replacement series analyses on the level of functional
groups revealed strong transgressive overyielding and relative yields .1, indicating
facilitation. On the species level, we found strong complementarity effects that increased
over time while selection effects due to disproportionate contributions of particular species
decreased over time. We conclude that transgressive overyielding between functional groups
and species richness effects within functional groups caused the positive biodiversity effects on
aboveground community biomass in our experiment.
Key words: biodiversity; community biomass; complementarity; ecosystem functioning; functional
groups; Jena Experiment; replacement series; transgressive overyielding.
INTRODUCTION
Global biodiversity is declining at a fast rate (Thomas
et al. 2004, van Vuuren et al. 2006), and the predicted
loss of species in the near future has the potential to
impair ecosystem functioning (Chapin et al. 2000,
Hooper et al. 2005). Experiments with manipulated
diversity levels have demonstrated repeatedly that
ecosystem processes are indeed positively affected by
the number of and differences among species in a
community (reviewed in Balvanera et al. 2006, Cardinale
et al. 2006, Dı´az et al. 2006). Two nonexclusive
mechanisms are assumed to be the main drivers of such
positive biodiversity effects (Aarssen 1997, Huston 1997,
Tilman et al. 1997b, Loreau 1998): (1) a higher resource
use efﬁciency or positive interactions within diverse
mixtures (referred to as complementarity or facilitation)
and (2) the presence of particular species or functional
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groups (FGs) in diverse mixtures that have a dispro-
portionate effect on a property at the community level
(referred to as sampling, selection, or dominance).
We used a large-scale six-year biodiversity experiment
(Jena Experiment) to examine the effect of plant
diversity on aboveground community biomass in
grasslands and the relative contributions of complemen-
tarity (including facilitation) and selection effects
(including sampling and dominance) to positive biodi-
versity effects.
Complementarity is assumed to be larger between
species belonging to different FGs than between species
belonging to the same FG (Dı´az and Cabido 2001,
Hooper et al. 2002). Therefore, if complementarity was
the major mechanism underlying positive biodiversity
effects, FG richness (number of FGs) and species
richness (number of species) across FGs should more
strongly affect ecosystem functioning than species
richness within FGs. Analyzing the role of FG richness
relative to species richness was pioneered by research
using the biodiversity experiments carried out at Cedar
Creek in the United States (Tilman et al. 1997a) and at
the BIODEPTH sites in Europe (Hector et al. 1999,
Spehn et al. 2005). Other biodiversity experiments
focused on the role of FG richness relative to FG
composition (Hooper and Vitousek 1997, Symstad and
Tilman 2001, Hooper and Dukes 2004, Gross et al.
2007). However, in these previous experiments, it was
difﬁcult to distinguish effects of FG richness or species
richness from an increased probability of including a
particular FG or species in a community. It was
therefore suggested that, e.g., legume presence was in
fact the hidden driver of primary productivity in these
experiments, not species richness or FG richness per se
(Huston et al. 2000, Huston and McBride 2002, Mulder
et al. 2002; but see van Ruijven and Berendse 2005). In
contrast to previous experiments, a confounding be-
tween species richness, FG richness, and FG composi-
tion was minimized in the Jena Experiment (Roscher et
al. 2004). Appendix A illustrates this improved design
by contrasting exemplarily the relationship between
species richness, sown proportion of legumes, and
number of experimental communities in BIODEPTH
and the Jena Experiment.
We applied the additive partitioning method of
Loreau and Hector (2001) to quantify the contributions
of complementarity (including facilitation) vs. selection
(including sampling and dominance) to net effects of
species diversity. This method enabled us to examine the
manner in which these effects changed over time.
However, to cope with the downsides of this method,
such as the difﬁcult ecological interpretation of the
resulting indices (Petchey 2003, Fox 2005, Zhang and
Zhang 2007) and its dependence on the performance of
species in monoculture as an exclusive reference point
(Adler and Bradford 2002, Fox 2006, Schmid et al.
2008), we additionally performed a replacement series
analysis (De Wit 1960, Connolly 1986) to analyze
whether mixtures perform better than the average of
the component monocultures (overyielding) or than any
of the component monocultures (transgressive over-
yielding; Trenbath 1974). This approach takes into
account that the relative abundance of species or FGs is
expected to have a signiﬁcant effect on ecosystem
functioning (Mulder et al. 2004, Hooper et al. 2005,
Kirwan et al. 2007).
The Jena Experiment is a large-scale biodiversity
experiment that was speciﬁcally designed to disentangle
the effects of species richness, FG richness, presence of
particular FGs, and proportional abundance (hereafter
proportions) of FGs on ecosystem processes and thus
assist in the elucidation of the underlying mechanisms of
biodiversity effects (Roscher et al. 2004). It includes four
FGs in proportions ranging from 0% to 100% at all
species richness levels up to at least eight species (Table
1), allowing the separation of the effects of the presence
and proportions of individual FGs from one another
and from species richness effects. Furthermore, the Jena
Experiment fulﬁlls the conditions for the additive
partitioning method (as all species were grown in
monocultures) as well as for the replacement series
approach (using proportional abundances of functional
groups instead of species proportions on the x-axis).
Previous research has shown that biodiversity effects
as well as the underlying mechanisms may change over
time (Tilman et al. 2001, Hooper and Dukes 2004,
Spehn et al. 2005, van Ruijven and Berendse 2005,
Cardinale et al. 2007, Fargione et al. 2007, Weis et al.
TABLE 1. Number of experimental plant communities at each level of species richness and
functional group (FG) richness and the sown proportions for each FG.
Species
richness
FG richness
Total Sown proportions for each FG1 2 3 4
1 16 16 0; 1
2 8 8 16 0; 0.5; 1
4 4 4 4 4 16 0; 0.25; 0.5; 1
8 4 4 4 4 16 0; 0.25; 0.375; 0.5; 1
16 2 4 4 4 14 0; 0.25; 0.3125; 0.375; 0.5; 1
Total 34 20 12 12 78
Note: The study was conducted on agricultural land in the ﬂoodplain of the river Saale near
Jena, Germany.
 One only for grasses and tall herbs.
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2007). Therefore, only studies comprising multiple years
may result in reliable conclusions about biodiversity
effects. Using data of a six-year grassland experiment,
we asked the following questions: (1) What are the
effects of species richness, FG richness, presence of
particular FGs, and of their proportions on above-
ground community biomass and which mechanisms
underlie these effects? (2) What are the temporal
dynamics in the effects of the different diversity
components as well as in the possibly responsible
mechanisms?
METHODS
Study area and experimental design
The ﬁeld site of the Jena Experiment encompasses
;10 ha of former agricultural land in the ﬂoodplain of
the river Saale near Jena (Germany, 508550 N, 118350 E,
130 m altitude). The area around Jena is characterized
by a mean annual air temperature of 9.38C and a mean
annual precipitation of 587 mm (Kluge and Mu¨ller-
Westermeier 2000). The soil consists of sandy loam in
the vicinity of the river that gradually changes to silty
clay with increasing distance from the river.
In May 2002, 78 plant assemblages of common
Central European grassland species were sown with a
total of 1000 viable seeds/m2 on plots of 203 20 m that
had been kept fallow in the year before sowing,
harrowed bimonthly, and treated with glyphosate
(Roundup, Monsanto, St. Louis, Missouri, USA) in
July 2001. Species compositions were determined by
constrained random selection from a pool of 60 species.
Based on a cluster analysis of ecological and morpho-
logical traits, these 60 target species had been assigned to
four FGs: 16 grasses, 12 small herbs, 20 tall herbs, and
12 legumes. In mixtures, all species were sown with equal
proportions, and in plots with more than one FG all
FGs were sown as evenly as possible (Roscher et al.
2004).
Table 1 shows the sown levels of species richness and
FG richness as well as the sown proportions of each FG
at the different diversity levels. Species richness, FG
richness, and the presence of the FGs were varied as
orthogonally as possible. However, there were not
enough legumes and small herbs in the overall species
pool to assemble them in mixtures with 16 species of the
same FG. Each FG was sown in four monocultures, six
two-species mixtures, 10 four-species mixtures, 10 eight-
species mixtures, and nine or 10 16-species mixtures,
which resulted in the presence of each FG on 39
(legumes and small herbs) or 40 (tall herbs and grasses)
of the 78 plots. For the FG richness levels of one, three,
and four, all possible combinations of FGs were sown.
For the level of two FGs, four out of six possible
combinations were randomly selected. This procedure
resulted in 13 different combinations of the four FGs
sown at the different species richness levels.
Additionally, 120 monoculture plots of 3.5 3 3.5 m
were established (two replicates per species). All
experimental plots were maintained without fertilizer
application and mown twice a year (in early June and
early September). Species occurring on plots where they
had not been sown were removed during biannual
weeding campaigns (at the beginning of the growing
season and after the ﬁrst mowing). Weeding was mainly
done by hand; herbicides were used where target species
composition allowed their application (herbicides
against dicots in pure grass communities and against
grasses on plots with herbs or legumes only). Empirical
data showed that the application of herbicides did not
affect the relationship between biodiversity and above-
ground community biomass: on each of our grassland
plots, a small subplot was only weeded and never treated
with herbicides. These subplots showed the same
biodiversity–productivity relationship as observed on
the rest of the plots (Roscher et al. 2009b). The weeding
treatment, however, might have decreased or increased
the biodiversity–productivity relationship to some extent
because low-diversity plots had to be weeded more
intensively than high-diversity plots (A. Weigelt, unpub-
lished data). Weeding could have been beneﬁcial for the
target species by creating more space and loosening the
soil or it could have hampered the recruitment of target
species if their seedlings were damaged. We do not know
whether the potential positive or negative effects
prevailed but recognize these confounding possibilities
as a caveat of our study.
The ﬁeld site was divided into four blocks to account
for altering soil and water conditions. Mixtures and
monocultures of both plot sizes were distributed in
nearly equal shares across all four blocks. Weeding,
mowing, and herbicide application were completed
block-wise in rotating order.
Sampling
Aboveground community biomass was harvested
twice per year (during peak standing biomass in late
May and in late August) from 2003 to 2007 on all
experimental plots (78 large plots and 120 small
monocultures). This was done by clipping the vegetation
at 3 cm above ground in four (in May 2005 and August
2007 only three) rectangles of 0.23 0.5 m per large plot
and in two rectangles of 0.2 3 0.5 m per small
monoculture. The locations of these rectangles were
assigned prior to each harvest by random selection of
coordinates within the inner area of the plots (at least 3
m away from the plot margins in the large plots and
within the inner 23 2 m area in the small monocultures,
respectively). The positions of the rectangles within large
and small plots, respectively, were identical for all plots
at a particular harvest. The harvested biomass was
sorted into target species (species sown at the particular
plot) and dried at 708C for at least 48 h. Species not
sown in a particular plot as well as detached dead plant
material were removed before drying. In August 2004,
the harvested biomass samples were not sorted into
species (they were only sorted into legumes and
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nonlegumes). Therefore, analyses requiring species-
speciﬁc biomass data (e.g., additive partitioning) were
restricted to the years 2003 and 2005–2007.
Establishment of the experimental gradient
The number of established target species was recorded
twice per year in an area of 9 m2 per large plot.
Additionally, the number of established target species
was recorded throughout the growing season in 2005–
2007 on an area of ;180 m2 (the inner area of the plots).
The strong correlation between the number of sown
species and the number of established target species (R2
. 0.9 in all years) veriﬁed the successful establishment of
the species richness gradient (Table 2). In 2006, one
large monoculture (Bellis perennis) did not produce any
aboveground community biomass and we excluded this
data point from all analyses.
Effects of species richness and FG composition
Aboveground biomass at the time of the harvests was
calculated for each experimental community as the mean
of the sampled rectangles per plot. Annual aboveground
community biomass (hereafter community biomass) was
calculated as the sum of the two harvests per year (data
from the May harvest in 2003 were previously analyzed
in Roscher et al. [2005]). We used repeated-measures
analysis of variance (ANOVA) with sequential sums of
squares to assess the effects of species richness and FG
composition on community biomass (Schmid et al.
2002a). The model terms were ﬁtted in two sequences to
account for the remaining dependency between species
richness and FG composition. In model 1, species
richness was ﬁtted prior to FG composition and we
decomposed the variation due to FG composition into a
contrast for FG richness and residual FG composition
(Table 3 and Appendix D: Tables D1–D3). In model 2,
FG composition was ﬁtted prior to species richness and
we decomposed the variation due to FG composition
into contrasts for the presence of the particular FGs and
their interactions (Table 4 and Appendix E: Tables E1–
E3). For the latter purpose, we substituted the single
variable FG composition that contained the 13 sown
combinations of the four FGs by four variables that
coded for the presence of each of the four FGs and ﬁtted
their main effects (four terms) as well as two- (six terms)
and three-way (two terms) interactions. For the within-
plot analyses, the two- and three-way interactions were
aggregated into a single term (Green and Tukey 1960).
The order of the FG main effects corresponded to their
effect sizes if ﬁtted individually in a simpliﬁed year-
speciﬁc model that contained the focal FG, species
richness, and the interaction between these two variables
in this order (see Appendix C).
Effects of FG proportions (replacement series approach)
We categorized the 78 large plots into ﬁve classes (77
plots in 2006, because the B. perennis monoculture was
excluded). Plots in which the focal FG was absent
formed one class (proportional abundance of the focal
FG [PFG]¼0) and plots in which the entire biomass was
TABLE 2. Mean number of established species (‘‘Realized’’) at
each level of sown species richness (‘‘Sown’’) in the
experimental plots in the years 2003–2007.
Sown
Realized
2003 2004 2005 2006 2007
1 1.0 1.0 1.0 (1.0) 0.9 (1.0) 1.0 (1.0)
2 2.0 2.0 1.9 (2.0) 2.0 (2.0) 2.0 (2.0)
4 3.6 3.9 3.7 (3.9) 3.8 (3.9) 3.8 (4.0)
8 7.4 7.4 6.9 (7.4) 6.9 (7.2) 7.3 (7.6)
16 14.3 14.5 13.7 (14.9) 13.5 (14.1) 13.4 (14.4)
Notes: Sample area was 9 m2. Numbers in parentheses show
the mean number of established species on an area of 180 m2 in
2005–2007.
TABLE 3. Summary of the ANOVA for aboveground community biomass from 2003 to 2007 (model 1 in Methods), using type I
sums of squares.
Source df SS MS Exp. (%) F P
Between plots
Block 3 1 874 940 624 980 6 2.61 0.062
log(SR) 1 6 130 076 6 130 076 18 25.59 ,0.001
FG composition 12 13 130 461 1 094 205 39 4.57 ,0.001
FG richness 1 1 091 395 1 091 395 3 4.56 0.038
FG composition residuals 11 12 039 066 1 094 461 36 4.57 ,0.001
log(SR) 3 FG composition 12 667 658 55 638 2 0.23 0.996
Plot residuals 49 11 739 473 239 581 35
Within plots
Year 4 4 012 604 1 003 151 33.36 ,0.001
log(SR) 3 year 4 372 656 93 164 3.10 0.017
FG composition 3 year 48 2 156 712 44 931 1.49 0.030
FG richness 3 year 4 31 293 7823 0.26 0.903
FG composition residuals 3 year 44 2 125 419 48 305 1.61 0.015
log(SR) 3 FG composition 3 year 48 1 297 314 27 027 0.90 0.662
Residuals 207 6 224 386 30 069
Notes: Indented terms show the linear contrast for functional group (FG) richness and its deviation from linearity (FG
composition residuals). The sum of these two terms corresponds to FG composition. Year was ﬁtted as a ﬁve-level factor. Exp.
values are the percentages of between-plot variation explained. Values in boldface are signiﬁcant at a¼ 0.05. SR is species richness.
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produced by the focal FG formed another class (PFG¼
1). The remaining plots were sorted into those in which
the focal FG contributed less than one-third (0 , PFG
, 0.33), between one and two-thirds (0.33  PFG ,
0.67), and more than two-thirds (0.67  PFG , 1) to
community biomass. We considered each FG as the
focal FG at a time and analyzed FG biomass and
community biomass as a function of the ﬁve classes of
FG proportions (Fig. 2). This analysis corresponds to
the replacement series approach introduced by De Wit
(1960) that was later used in plant competition
experiments (Harper 1977, Connolly 1986, Jolliffe 2000).
We performed an additional analysis in which we
corrected the biomass values for the species richness of the
communities. To this end, we ﬁtted a simple linear model
including the logarithm of species richness as explanatory
variable to the biomass data of each year. The corrected
values were then calculated as the sum of the mean
biomass per year and the residuals obtained by the
respective year-speciﬁc model. After having accounted for
species richness in this way, we performed the replacement
series analyses described in the preceding paragraph.
Additive partitioning
We used the additive partitioning method of Loreau
and Hector (2001) to calculate for every plot the net
biodiversity effect (NE) in all years and the comple-
mentarity effect (CE) and selection effect (SE) in the
years 2003 and 2005–2007. All effects were calculated
using the average between the annual biomass of the two
small monocultures per species as monoculture biomass
of the respective species. If a species failed to establish in
both monocultures at both harvests per year it was
excluded from the set of target species also in
corresponding mixtures in that particular year. In
2003, two two-species mixtures contained a species that
had not established in monoculture and therefore NE,
CE, and SE could not be determined for these two plots
in 2003. In addition, we excluded two plots in 2005 and
one plot in 2006 because their transformed CE and SE
fell more than three times the inter-quartile range below
or above the ﬁrst or third quartile, respectively.
Following a conservative rule, we considered these
values as outliers (Hoaglin et al. 1986). The NE, CE,
and SE were analyzed with similar models as community
TABLE 4. Summary of the ANOVA for aboveground community biomass from 2003 to 2007 (model 2 in Methods), using type I
sums of squares.
Source df SS MS Exp. (%) F P
Between plots
Block 3 1 874 940 624 980 6 2.61 0.062
FG composition 12 17 015 576 1 417 965 51 5.92 ,0.001
FG richness 1 5 154 604 5 154 604 15 21.52 ,0.001
FG composition residuals 11 11 860 973 1 078 270 35 4.50 ,0.001
Main effects of particular FGs 4 14 637 569 3 659 392 44 15.27 ,0.001
Presence of legumes 1 11 721 881 11 721 881 35 48.93 ,0.001
Presence of tall herbs 1 1 454 989 1 454 989 4 6.07 0.017
Presence of small herbs 1 899 072 899 072 3 3.75 0.058
Presence of grasses 1 561 627 561 627 2 2.34 0.132
Two-way interactions between FGs 6 1 821 426 303 571 5 1.27 0.290
Three-way interactions between FGs 2 556 581 278 291 2 1.16 0.321
log(SR) 1 2 244 960 2 244 960 7 9.37 0.004
FG composition 3 log(SR) 12 667 656 55 638 2 0.23 0.996
Plot residuals 49 11 739 473 239 581 35
Within plots
Year 4 4 012 604 1 003 151 33.36 ,0.001
FG composition 3 year 48 2 361 863 49 205 2.38 0.002
FG richness 3 year 4 215 291 53 823 1.79 0.132
FG composition residuals 3 year 44 2 146 572 48 786 1.62 0.013
Presence of particular FGs 3 year 16 1 504 274 94 017 4.54 ,0.001
Presence of legumes 3 year 4 709 464 177 366 5.90 ,0.001
Presence of tall herbs 3 year 4 346 729 86 682 2.88 0.024
Presence of small herbs 3 year 4 288 711 72 178 2.40 0.051
Presence of grasses 3 year 4 159 370 39 842 1.33 0.262
Residual FG composition 3 year 32 857 589 26 800 0.89 0.639
log(SR) 3 year 4 167 505 41 876 1.39 0.238
Presence of legumes 3 log(SR) 3 year 4 386 332 96 583 3.21 0.014
Residual FG composition 3 log(SR) 3 year 44 910 981 20 704 0.69 0.929
Residuals 207 6 224 386 30 069
Notes: Indented terms show two different sets of orthogonal contrasts for functional group (FG) composition: (1) linear contrast
for FG richness and its deviation from linearity and (2) contrast for the presence of particular FGs and their interactions. In both
cases the sum of contrast terms corresponds to FG composition. For the within-plots analysis, the two- and three-way interactions
of FGs were aggregated into the term ‘‘residual FG composition.’’ Year was ﬁtted as a ﬁve-level factor. Exp. values are the
percentages of between-plot variation explained. Values in boldface are signiﬁcant at a¼ 0.05.
 Includes presence of legumes3 tall herbs, presence of legumes3 small herbs, presence of legumes3 grasses, presence of tall
herbs3 small herbs, presence of tall herbs3 grasses, and presence of small herbs3 grasses.
 Includes presence of legumes3 tall herbs3 small herbs and presence of legumes3 tall herbs3 grasses.
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biomass (Appendix D: Tables D1–D3 and Appendix E:
Tables E1–E3). To improve the normality of the error
distribution, the absolute values for NE, CE, and SE
were square-root transformed and the result was
multiplied by 1 if the original value was negative.
The recently proposed modiﬁcation of the additive
partitioning method by Fox (2005) yielded essentially
the same results as the method of Loreau and Hector
(2001): the ‘‘trait-dependent complementarity effect’’
(TDCE, a component of SE) was 0.566 0.94 (mean6 1
standard error) and not signiﬁcantly different from zero
(P ¼ 0.234). Therefore, we present only the results
obtained by the two-fold partitioning (Loreau and
Hector 2001).
Robustness of species richness–community
biomass relationship
We analyzed the robustness of our results exemplarily
for the relationship between sown species richness and
community biomass (as assessed using model 1) by
restricting its assessment to a subset of data points
derived from experimental communities with a speciﬁed
minimum of vegetation cover. Mean vegetation cover of
the target communities was calculated as the average of
two cover estimates per year, measured on an area of 9
m2 on each plot at the times of the biomass harvests. We
included a data point in the analysis if it represented a
target community whose mean vegetation cover exceed-
ed a threshold varying from .0% to .95% cover. Each
community was judged independently in every year, i.e.,
if a community produced a data point below the
threshold in one year its remaining data points for the
other years could still be included in the analysis. The
full data set contained 389 data points (derived from all
78 plots in ﬁve years minus the B. perennis monoculture
in 2006).
This analysis showed that the positive species
richness–community biomass relationship (as presented
in Results and Fig. 1) was signiﬁcant (P, 0.05) until less
than one-third of all plots were analyzed (with a
vegetation cover .92%; see Appendix B). Only a few
plots had a cover of,50%, and excluding these from the
analysis had almost no effect on the relationship
between species richness and community biomass.
Thresholds of ;70% vegetation cover resulted in lower
values for R2, but the strength of the relationship
increased again if the threshold was set higher. We think
this result justiﬁes the inclusion of all data points derived
from communities with a vegetation cover .0 in the
analyses presented here.
We used the statistical software R (version 2.6.2; R
Foundation for Statistical Computing, Vienna, Austria)
for all calculations and statistical analyses.
RESULTS
Effects of species richness and FG composition
We found a positive linear relationship between the
logarithm of species richness and community biomass
over the entire observation period from 2003 to 2007
(Fig. 1a). Mean community biomass per square meter
declined from 2003 to 2005 but then recovered again
(2006 and 2007). The strength of the relationship
between the logarithm of species richness and commu-
nity biomass varied signiﬁcantly between the years (term
‘‘log(SR) 3 year’’ in Table 3; level of signiﬁcance a ¼
0.05) and was stronger in the years 2006 and 2007 than
in the earlier years of our study (Fig. 1a). On average,
doubling the number of species increased community
biomass by 91 g/m2. Species richness explained 18% of
FIG. 1. Aboveground community biomass as a function of the (a) species richness (log scale) or (b) functional group richness in
the years 2003–2007. Symbols represent means 6 standard error for different years. These standard errors were obtained using the
square root of the residual mean square from Table 3 as an estimate for the standard deviation of the data and dividing it by the
square root of the number of replicates. Fitted lines were obtained from a simpliﬁed regression model including the logarithm of
species richness as a linear contrast, year as a ﬁve-level factor, and the interaction of these variables. Symbols were slightly jittered
to improve visualization. The study was conducted on agricultural land in the ﬂoodplain of the river Saale near Jena, Germany.
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the variation in community biomass between the plots
when ﬁtted prior to FG composition (Table 3). Within a
given level of species richness, FG composition strongly
affected community biomass. A signiﬁcant proportion
of this effect was caused by increasing the number of
FGs (‘‘FG richness’’ in Table 3), suggesting that species
were more complementary among FGs than within FGs.
In addition, the particular combination of FGs played
an important role independently of their number (‘‘FG
composition residuals’’ in Table 3). The effect of FG
composition changed signiﬁcantly over time.
When we did not control for differences in species
richness, FG composition explained 51% of the varia-
tion in community biomass among plots (Table 4).
Functional group richness was responsible for almost
one-third of this proportion and the relationship
between FG richness and community biomass was
temporally stable (Table 4, Fig. 1b). On average, adding
one FG to a community increased community biomass
by 103 g/m2. The biomass of communities containing
the same number of FGs was signiﬁcantly affected by
the identity of the FGs present (‘‘FG composition
residuals’’ in Table 4). In particular, legumes and tall
herbs had signiﬁcant positive effects. The effect of
legumes on community biomass changed over time and
was especially strong in 2006 (Table 4; see Appendix C).
In some years, legumes also affected the strength of the
relationship between species richness and community
biomass (‘‘Presence of legumes 3 log(SR) 3 year’’ in
Table 4). The effect of tall herbs was strongest in 2003
and not any longer observed in 2006 and 2007 (Table 4;
Appendix C). Small herbs showed a tendency to reduce
community biomass, but this effect was only signiﬁcant
in 2004 (Table 4; Appendix C). Grasses slightly
enhanced community biomass in 2003 (Appendix C),
but averaged over all years, their effect was not
signiﬁcant (Table 4). The effects of the presence of
particular FGs and of species richness were additive as
none of the corresponding interactions in model 2 or in
the analyses for Appendix C were signiﬁcant. These
interactions were therefore subsumed under the term
‘‘FG composition 3 log(SR)’’ in Table 4 and not
displayed in Appendix C. Among communities of equal
FG composition, those with more species produced
more biomass (‘‘log(SR)’’ in Table 4).
Effects of FG proportions (replacement series approach)
If mixed with species from other FGs, any of our four
FGs could enhance the absolute biomass of a commu-
nity beyond the biomass of communities where its
proportion was either 0% or 100% (i.e., some inner bars
were always higher than outer bars in Fig. 2). Such
transgressive overyielding (Trenbath 1974) occurred for
all four FGs in all years at least at one and often at
several of the mixing ratios. When the focal FG had an
abundance of ,33%, the sum of the biomass of the
remaining FGs (white part of bars in Fig. 2) was nearly
always higher than the total biomass of these FGs alone
(with the exceptions of legumes in 2003 and small herbs
in 2003 and 2005). In other words, the relative yield (i.e.,
biomass of a species in mixture divided by its biomass in
monoculture; see De Wit 1960, Harper 1977, Jolliffe
2000) of the non-focal FGs was .1, indicating
facilitation of the remaining FGs by the focal FG. The
relative yield of the focal FG (gray part of the bars in
Fig. 2), was also often .1 if the proportion of the focal
FG was larger than 67% (legumes in 2007, tall herbs in
2003 and 2007, small herbs in 2003, 2005, and 2007, and
grasses in 2003 and 2005). This indicated that the focal
FG also beneﬁted from facilitation. The degree of
transgressive overyielding between FGs was relatively
constant during the observation period.
Similar results were obtained after having accounted
for the number of species within the communities (not
shown).
Additive partitioning
Averaged over all species richness levels and all years,
the net biodiversity effect (NE) and its components CE
and SE were signiﬁcantly positive (1926 17 g/m2, 1356
17 g/m2, and 18 6 7 g/m2), but all three effects changed
over time (see Appendix D: Tables D1–D3 and
Appendix E: E1–E3). While NE decreased until 2005
and increased thereafter, CE increased and SE decreased
continuously over time (Fig. 3). The NE and CE were
positively related to species richness in communities
irrespective of whether the communities were of the
same or of different FG compositions (for NE,
Appendix D: Table D1 and Appendix E: Table E1; for
CE, Appendix D: Table D2 and Appendix E: Table E2).
When ﬁtted prior to species richness, FG composition
accounted for more than half of the variation in NE and
CE among plots (Appendix E: Tables E1 and E2).
Functional group richness was responsible for more
than one-third (NE) or more than half (CE) of this
amount. Replacing the FG richness contrast with
contrasts for the presence of particular FGs and their
interactions revealed a strong positive impact of legumes
 
FIG. 2. Replacement series diagrams for aboveground community biomass. The x-axis represents classes of proportions of the
focal functional group (FG; increasing from left to right) and the non-focal FGs (decreasing from left to right) based on relative
abundance (in terms of biomass). The y-axis represents absolute aboveground biomass of the entire community, partitioned into
focal FG (gray) and non-focal FGs (white). Each bar represents the mean and standard error of the corresponding proportion
class. The limits of the ﬁve proportion classes, using the proportional abundances of the focal FG (PFG), were: PFG¼ 0; 0 , PFG
, 0.33; 0.33  PFG , 0.67; 0.67  PFG , 1; and PFG¼ 1. We considered each FG as the focal FG at a time: (a) legumes, (b) tall
herbs, (c) small herbs, and (d) grasses. Their effects are shown for the years 2003–2007. In 2004, only legumes were separated from
nonlegumes during the biomass harvest.
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and a positive effect of tall herbs on NE and CE. The
effect of legumes on NE and CE occurred during the
entire observation period (Appendix E: Tables E1 and
E2). The positive effect of tall herbs on NE decreased
signiﬁcantly over time (Appendix E: Table E1), whereas
the positive effect of tall herbs on CE remained
(Appendix E: Table E2). The SE was not affected by
species richness and only marginally affected by FG
composition in some years. An initially positive effect of
tall herbs on SE decreased signiﬁcantly over time
(Appendix D: Table D3 and Appendix E: Table E3).
DISCUSSION
Effects of diversity components on community biomass
We identiﬁed strong positive effects of the two
richness components (species richness and FG richness)
and of the presence of two particular FGs, legumes and
tall herbs, on community biomass, NE, and CE. It is
often assumed that effects of species richness should be
weaker than effects of FG richness (Hooper et al. 2005,
Jiang et al. 2007). However, this was not supported by
our results. In previous experiments, the two richness
components were usually more strongly confounded
with FG composition than in the Jena Experiment and
effects of species richness and especially of FG richness
could therefore be interpreted as effects caused by an
increased probability for the inclusion of legumes at
higher richness levels (Spehn et al. 2005). In our
experiment, this confounding was minimized (see
Appendix A), and species richness remained highly
signiﬁcant when we corrected for all effects that were
potentially due to the presence of particular FGs or their
interactions. Thus, our results demonstrate that increas-
ing species richness without changing FG composition
has a positive effect on community biomass and support
the conclusions of Reich et al. (2004) and Lanta and
Lepsˇ (2007) in that species within FGs are not
completely redundant in their functions. Nevertheless,
if the effect of species richness was measured across
different FG compositions, its effect was about three
times as large as within a particular combination of FGs
(compare Table 3 with Table 4). This suggests that the
greater differences between species across as opposed to
within FGs resulted in increased complementarity and
positive species richness effects when different FGs were
mixed (Tilman et al. 1997b, Loreau 1998).
Of our four FGs, legumes had the strongest and
generally positive effects on community biomass and
NE. This was mainly due to positive interactions
between legumes and species belonging to other FGs
(as seen in Fig. 2 and in the positive effect of legume
presence on CE; Appendix E: Table E2). Dispropor-
tionate contributions of legume biomass to community
biomass were less important (no signiﬁcant effect of
legume presence on SE; Appendix E: Table E3). Strong
positive effects of legumes on community biomass have
been found in other biodiversity experiments (Tilman et
al. 1997a, 2001, Hector et al. 1999, Mulder et al. 2002,
Hille Ris Lambers et al. 2004, Spehn et al. 2005), which
may be explained by the improved nitrogen availability
on legume-containing plots promoting complementary
resource use or facilitation (Spehn et al. 2002, Fridley
2003, Dimitrakopoulos and Schmid 2004, Oelmann et
al. 2007b, Temperton et al. 2007).
Tall herbs increased community biomass and NE
partly via complementarity (as seen in Fig. 2 and in the
positive effect of tall herb presence on CE; Appendix E:
Table E2) and partly via disproportionate contributions
of tall herb biomass to community biomass (as seen in
the positive effect of tall herb presence on SE; Appendix
E: Table E3). Tall herbs were generally characterized by
a medium or tall stature but were rather variable with
regard to other traits (Roscher et al. 2004). While their
positive effect on SE was likely related to their tall
growth, their contribution to community biomass via
complementarity could have been the result of various
mechanisms that await further clariﬁcation.
Grasses and small herbs had minor effects on
community biomass. While the minor effects of small
herbs on community biomass were not surprising, we
had expected a stronger impact of grasses as they had
pronounced effects on other ecosystem functions in the
Jena Experiment: grasses decreased individual plant
performance (Scherber et al. 2006, Mwangi et al. 2007),
increased invasion resistance (Roscher et al. 2009a),
changed nitrogen and phosphorus ﬂuxes (Oelmann et al.
2007a, b), and affected the soil fauna (Milcu et al. 2006).
The replacement series analyses showed that any of
our FGs could generate a positive biodiversity effect (see
Fig. 2). In agreement with our remaining analyses we
FIG. 3. Net biodiversity effect (NE, circles), complemen-
tarity effect (CE, triangles) and selection effect (SE, diamonds)
over time. Symbols represent means 6 standard error. Note the
square-root scale of the y-axis. For 2004, CE and SE could not
be estimated because community biomass was not separated to
species. Symbols were slightly jittered to improve visualization.
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found the largest effects for legumes and tall herbs.
However, small herbs and grasses generated positive
effects as well if their proportions were low. Several
mechanisms could be the drivers of such positive
interactions not necessarily involving legumes, e.g.,
increased light and nutrient use efﬁciency, favorable
alteration of microclimatic conditions, or beneﬁcial
changes in soil properties (Callaway 1997, 2007, van
Ruijven and Berendse 2005, Daßler et al. 2008).
If the mixing ratio between the focal FG and the non-
focal FGs fell within a particular range, community
biomass was higher than if the focal FG or the non-focal
FGs grew alone. Therefore, mixed assemblages (con-
taining the focal FG as well as non-focal FGs) could
transgressively overyield pure assemblages (containing
only the focal FG or the non-focal FGs). Transgressive
overyielding is generally regarded as a conservative test
for complementarity because the sampling effect alone
cannot result in mixtures producing more biomass than
any of the component monocultures (Huston et al. 2000,
Tilman et al. 2001). We could further rule out sampling
as the main mechanism for increasing community
biomass in all cases in which the relative yield was .1.
Here, the beneﬁcial effect of mixing different FGs was
not only apparent for the total community but also for
the respective fraction illustrating the possibility that
community biomass is enhanced via increasing diversity
even if the biomass of the added species is not
considered for the outcome.
Relative yields .1 are particularly informative
because they reveal that facilitation and not only
reduced resource competition (complementarity in the
strict sense) contributed to the positive biodiversity
effect (Schmid et al. 2002b). So far, only a few
experimental studies have been reported that differenti-
ated between these two mechanisms (Caldeira et al.
2001, Mulder et al. 2001; see also the discussion of this
issue in Callaway [2007]). To our knowledge, relative
yields .1 were only once demonstrated in a similar way
in mixtures of two species (Weiner 1980) but never in
mixtures of multiple FGs.
Transgressive overyielding is thought to be rather the
exception than the rule (Cardinale et al. 2006, but see
Kirwan et al. 2007). However, it has been shown that
the calculation of a transgressive overyielding index
involves a sample bias (Schmid et al. 2008) of which our
results are unaffected. We showed that transgressive
overyielding occurred for all four focal FGs in all years.
This remarkable consistency suggests that transgressive
overyielding may be more common than previously
estimated.
The lack of signiﬁcant two- and three-way interac-
tions between the presences of the individual FGs
indicates that the FGs exerted their effects on commu-
nity biomass without compromising the effect of the
other FGs present. Mixing legumes and tall herbs
therefore led to a double positive effect. Similarly, the
additiveness of the effects of the presence of particular
FGs and of species richness as well as the fact that any
of our FGs could generate transgressive overyielding if
present at a particular proportion demonstrates that the
combined contributions of different FGs in many cases
increased community biomass even further than the
presence of a single FG.
Temporal dynamics in biodiversity effects
In the past, analyses of biodiversity–ecosystem
functioning relationships that used data of multiple
years produced ambiguous results. The effect of
biodiversity was observed to either increase (Tilman et
al. 2001, Mulder et al. 2002, Hooper and Dukes 2004,
Spehn et al. 2005, van Ruijven and Berendse 2005,
Fargione et al. 2007) or decrease over time (Bell et al.
2005) or to show complex temporal dynamics (Weis et
al. 2007). In our experiment, the effects of species
richness and FG richness on community biomass as well
as NE were positive throughout the entire observation
period and the effect of species richness increased with
time. We conclude that biodiversity effects are not a
transient phenomenon only found during plant commu-
nity establishment and may instead increase over time.
The increasing CE but decreasing SE suggested that,
over time, positive interactions between multiple species
or FGs became relatively more important for the
generation of biodiversity effects than disproportionate
effects of single species or FGs (see Fig. 3). A decrease in
the average SE can have several reasons: either species in
mixture increasingly approach their expected abundanc-
es or the variance between the monocultures of the
component species declines over time or the number of
negative values for SE increases in the sample. While the
ﬁrst two of these alternatives are incompatible with our
observation that the variance in SE increased between
2003 and 2005, the third explanation seems plausible as
the number of plots with a negative SE indeed increased
during that period (not shown).
Negative selection effects have been reported from
several other studies (Sˇpae`kova´ and Lepsˇ 2001, Hooper
and Dukes 2004, Cardinale et al. 2007, Jiang 2007) and
result either from species with higher-than-average
biomass in monoculture that perform relatively poorly
in mixture (Hooper and Dukes 2004) or from species
with a lower-than-average biomass in monoculture that
are more abundant in mixture than expected (Cardinale
et al. 2007). As we observed a strong increase in CE, the
likely cause for a higher number of negative SE values
was the increasing promotion of the growth of species in
mixture that performed poorly in monoculture. This
conclusion supports previous ﬁndings (Hille Ris Lamb-
ers et al. 2004, Fargione et al. 2007) in that the
performance of a species in monoculture does not
necessarily predict its competitive abilities in mixtures
and highlights once more that effect sizes calculated by
the additive partitioning method according to Loreau
and Hector (2001) need to be interpreted with care.
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In summary, the continuously positive effects of species
richness and FG richness and the positive values for NE
demonstrate that the biomass of mixtures exceeded their
expected yields based on their component monocultures’
performances in all years. In agreement with a recent
meta-analysis showing that biodiversity effects resulted
most often from a combination of multispecies comple-
mentarity and species-speciﬁc selection effects (Cardinale
et al. 2007), we could show that bothmechanisms played a
role in the Jena Experiment. Nevertheless, the evidence for
facilitation and transgressive overyielding was strong, and
the strength and relative importance of complementarity
increased over time.
Conclusions
Aboveground biomass production in plant communi-
ties is affected by several components of plant biodiver-
sity such as species richness, FG richness, presence of
particular FGs, and their proportions. Therefore, the
loss of species from ecosystems is likely to result in
reductions of ecosystem functions, irrespective of the
nature of the diversity component that is lost. Species
within FGs are not necessarily redundant with regard to
community biomass and effects of different diversity
components may be additive. Mixing species of different
FGs can lead to strong transgressive overyielding and
additive and facilitative effects between species, and
FGs may increase over time. We suggest that methods
presently not commonly used in biodiversity research,
such as the replacement series analysis, and the
consideration of diversity components other than species
richness can broaden our understanding of the conse-
quences of changing biodiversity.
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